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Abstract.Based on electronic quantum transport modeling, we study the transition between the intermediate-
band and the conduction-band in nano-structured intermediate-band solar cell. We show that a tunnel barrier
between the quantum well (QW) and the host material could improve the current. The confinement generated
by such a barrier favors the inter-subband optical coupling in the QWand then changes the excitation-collection
trade-off. More surprisingly, we also show that tunneling impacts the radiative recombination and then the
voltage. Using a detailed balance model we explain and we propose a broadening factor for thisVoc modification.
Finally we show that a thin tunnel barrier is beneficial for both current and voltage.
Keywords: intermediate band solar cell / quantum modeling / quantum structures / intraband transition1 Introduction
By introducing an intermediate band (IB) in a wide
bandgap solar cell, the aim is to increase the short circuit
current Isc without reducing the open-circuit voltage Voc
[1,2]. The current increases as the IB acts as a built in
up-converter to generate an electron hole pair with two
low-energy photons. To limit detrimental effect voltage
drop, the IB must be electrically isolated from the contacts
of the cell so that the recombination is still controlled by
the wide bandgap. This theoretically allows to exceed
the Shockley–Queisser (SQ) efficiency limit [3] with a Voc
controlled by the wide bandgap while low-energy photons
generate electron-hole pairs.
Yet practically, this concept has not yet resulted in a
cell exceeding the SQ limit [4,5]. However, IB solar cell
(IBSC), generally based on quantum structures, still offers
characteristics that are often lower than that of the same
cells without IB [6]. To address this issue the increase of
current [7] is not enough to catch up with the degradation
of the Voc. It is difficult to obtain a splitting between the
Fermi levels of the IB and the contact (usually the n-type
contact) because the electrons easily relax from theicolas.cavassilas@im2np.fr
pen Access article distributed under the terms of the Creative Com
which permits unrestricted use, distribution, and reproductionconduction band of the wide bandgap material to the
IB. In other words, the IB is not well isolated from contacts
and Voc is controlled by recombination across a narrow
bandgap.
Furthermore, the increase of current remains low as it is
difficult to have simultaneous efficient photon absorption
and a fast collection of the excited electrons. Indeed, if the
IBSC is based on quantum structures, the electrons in IB
are confined in localized states. The optical transition
between the IB and the conduction band is then efficient if
the excited state is also localized. This improves the wave-
function overlap and the corresponding intraband (inter-
subband) transition [8,9]. However, if the excited electron
is strongly confined in the quantum structure, it cannot
reach the conduction band to be collected. It will finally
relax by emitting photon and/or phonons. As a result the
choice of the coupling between the excited state of the
quantum structures and the conduction band of the wide
bandgap is crucial to have a good excitation-collection
trade-off. In case of bound-to-bound absorption with a
thick tunnel barrier the absorption is high, but the
electrons collection is limited. In a bound-to-continuum
absorption without tunnel barrier the collection is fast but
the absorption is low. In this letter we propose a
comprehensive analysis of this problem. We will see that
a thin tunneling barrier between the quantum structuremons Attribution License (http://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
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collection trade-off. This permits to optimize the current
generated by the intraband transition of an IBSC. More
unexpected, we will show that such a coupling also modifies
the photon emission in the intraband transition and then
impacts the Voc.Fig. 1. Schematic representation of the modeled system. The
full-arrows show the radiative excitation and the collection while
the dash-arrows represent the injection and the emission. We also
show the two Fermi levels mR and mL, respectively, corresponding
to the IB and the n-type contact. The grey surfaces represent the
states.2 Model and system
This theoretical study is based on a quantum electronic
transport model in the non-equilibrium Green functions
(NEGF) framework. This model allows to consider the
quantum effects, such as the confinement, the tunneling,
the broadening due to the coupling and the scattering with
the photons and the phonons. Nevertheless, except when
this will be explicitly stated, we will not consider scattering
with phonons. Such a radiative limit permits to facilitate
the understanding of the results. The model used is
described in reference [10] but as suggested in reference [11]
we now consider the non-local character of the electron–
photon interaction, which guarantees compliance with the
selection rules.
Themodeledsystem is schematically shownFigure1.We
consider a quantum well (QW) between two contacts. The
left contact can only inject and collect electrons over an
interval of 0.2 eVaround the leftFermi levelmL. This value is
a bit larger than the broadening of the ground state of the
QW, which mimics the IB. Although this is another
important issue in IBSC, the optical transition between
thevalencebandand the IB is not treated in thiswork. In our
model we consider this issue solved by assuming the Fermi
level mL located at the maximum of the density-of-states
(DOS) of the ground state (middle of the IB). Electrons on
thisgroundstatecanthen interactwithphotonsandreachan
excited state. From there, they either relax (and then do not
participate in the current) or reach the right contact. This
contact, located at an energy Ec above mL, represents the
conduction band-edge of the wide bandgap material. By
reaching this contact the electrons generate a current that
one chooses positive. The right contact can also inject
electrons that can reach the QW, relax by emitting a photon
and then reach the left contact. This behavior, which
corresponds to the relaxation from conduction band to IB,
generates a negative current which is all themore important
as the right Fermi level mR is high. In an IBSC the aim is to
have a positive current balance (more excitations than
relaxations) while having a higher Fermi level in conduction
band (mR) than in IB (mL). Our system, therefore behaves
like an intraband solar cell under bias qV=mRmL and
characterized by a current Isc and a voltageVoc. Note finally
that, with applied bias, we do not modify the band diagram
which is always considered in the flat band approximation.
In the following we compare a bound-to-bound system
in which a tunnel barrier is assumed between the QW and
the right contact to a bound-to-continuum system in which
we do not assume any barrier. While for an interband
transition the definition of the energy gap seems obvious,
this is not so trivial for an intraband-one. Instead, we define
a threshold energy Et as the resonant energy of the
transition between the IB and the conduction band i.e., theenergy of the maximum absorption considering a black-
body at 6000K for the incident photon flux. Et would
correspond to the usual energy gap for a system with a
step-like absorptivity. For all systems assumed in this
work, Et is the same. We chose Et = 1 eV, which is largely
compared to what is generally considered in IBSC. This
choice is based on a study conducted elsewhere [12] which
shows that with a ratchet mechanism [6,13] of 0.7 eV, such a
value is optimal in the case where the absorption is rather
narrow as expected in intraband system. The other
parameter is the effective mass which equals 0.0665 (in free
electronmass). Finallywe chose to treat aQWsince our one-
dimensional model is well adapted to such a system.
However, the physical behaviors, such as confinement and
absorption are very close in case of quantumdots.Moreover,
if it is straigthforward to add a barrier between a QW and a
contact, it is also feasible in case of quantumdots assuming a
core–shell architecture [14] or dots embedded in specific
material [15]. If in the present study we assume a QW, the
conclusions can thusbe easily extended to thequantumdots.
3 Results
3.1 Current and voltage with the quantum model
The band diagrams and the local-DOS of the two systems
are represented in Figure 2. In both the well thickness is
3.2 nm. In one case, the excited state is a localized state
separated from the right contact by a 2 nm-thick tunnel
barrier (Fig. 2a). In this system, called bound-to-bound
(B–B), Ec equals 0.88 eV. In the other system the electrons
are excited in an energy continuum directly connected to
the right contact (Fig. 2b). In the latter case, called bound-
to-continuum (B–C), in order to have Et=1 eV, Ec is
reduced to 0.855 eV. In Figure 2, the LDOS clearly shows
that in B–B the electrons are excited in a localized and
narrow quantum state. In B–C, despite the absence of
barrier, we do not obtain a true continuum but rather a
strongly broadened state. Indeed, even without barrier, the
Fig. 2. The band-diagram (white line) and the local-DOS of electrons in (a) the bound-to-bound system and in (b) the bound-to-
continuum system. In a corresponding bound-to-bound IBSC the reduction of voltage due to the presence of the IB should be
1–0.58=0.42V against 1–0.54=0.46V for the bound-to-continuum configuration.
N. Cavassilas et al.: EPJ Photovoltaics 9, 11 (2018) 3QW involves quantum reflections and then interferences of
the electronic wave-function.
Regarding the results in Figure 2, Isc and Voc are both
higher in B–B. In order to understand better the results,
Figure 3 shows the electronic current versus the photon
energy for the two systems. The absorption spectra
corresponds to the positive electronic current while the
emission is the negative component. The absorption in B–B
is narrower since, as shown in Figure 2, the excited state is
thinner. At the same time the current density is much
higher than in B–C’s counterpart. A higher absorption in
B–B structure, as already shown by the inter-subband
absorption coefficient measured in QWs [8] and theoreti-
cally observed in quantum dots [16], is not surprising and is
due to a larger wave-functions overlap. Finally, the higher
generated current in B–B is then related to a better trade-
off of the radiative excitation and of the electronic
collection. This explains that Isc is larger in B–B despite
the tunneling. However, as it will be confirm in the follow-
ing, a too thick tunnel barrier degrades the current.
From the emission point of view, we obtain lower
threshold energy for B–C. As it will be demonstrated in the
following, this behavior, which explains theVoc degradation
in B–C is related to the broadening of the excited state. This
is particularly detrimental when the excited state is a
continuum, which is by definition, strongly broadened.It is possible to improve B–C, for example, by reducing
the thickness of the well (2.8 nm). This permits, as shown in
Figure 4, to have a quasi-bound state narrower than the
strongly broadened state of the B–C. In this new device,
called B–Q, by adjusting Ec at 0.88 eV in order to have
Et=1 eV, the current is largely higher than in the original
B–C device, while Voc is quite similar. Such a current
increase is due to a better excitation-collection trade-off.
However, the current remains lower than inB–B.Moreover,
the fact that in B–C and B–Q Voc are close and lower than
in B–B, confirms that Voc is not simply controlled by Ec.
Such results suggest that a narrow excited state is better for
Voc. In the following, we propose to use a simpler model in
order to verify and explain this counterintuitive feature.
3.2 Broadening factor in the detailed balance
We assume a detailed balance model where absorption and
emission are calculated assuming a black-body distribution
for the photons and a Lorentzian shape for the electronic
DOS. Indeed, if we assume an homogeneous broadening
due to contact (or others), the DOS spectral shape of states
in the QW is given by a Lorentzian distribution [9]. If the
tunneling between the excited state and the contact is low
(large life-time t) the width G of the Lorentzian is low
following G= h/t. We then apply this to the DOS of the
Fig. 3. Current density versus the photon energy generated
in each structure B–B and B–C by (a) photon absorption and
(b) photon emission.
Fig. 4. The band-diagram (white line) and the local DOS of
electrons in the bound-to-quasibound system.
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ground state is assumed as a Dirac function. We finally
calculate the current, the emission and the voltage as:
Isc ¼
Z ∞
Ec
Ab Eð ÞdE
¼ f M2
Z ∞
Ec
r E;T sun;Dm ¼ 0ð ÞL E;G;Etð ÞdE
ð1Þ
Em ¼
Z ∞
Ec
Em Eð ÞdE
¼ pM2
Z ∞
Ec
r E;T cell;Dm ¼ qVð ÞL E;G;Etð ÞdE
ð2Þ
V oc ¼ kBT celllog Isc
Em Dm ¼ 0ð Þ
 
ð3Þ
with the black-body distribution
r E;T ;Dmð Þ ¼ 2
h3c3
E2
exp EDmkBT
 
 1
ð4Þand the electronic joined DOS
L E;G;Etð Þ ¼
1
pG
1þ EEtG
 2 ; ð5Þ
where G is the width, Et the energy of the maximum of the
Lorentzian, qV=mRmL the bias, kB the Boltzmann
constant, and f =C 6.79 105 with C=1 the concen-
tration factor. Note that for the integral of Ab and Em
the minimum of energy is given by Ec the band-edge of the
right contact. Finally Tsun and Tcell are respectively the
temperature of the sun (6000K) and of the cell (300K). In
this model the excitation-collection trade-off is not
considered sinceM2, which represents the optical coupling,
is taken as a constant and Isc is directly given by the photon
absorption in equation (1). This model is schematically
described in Figure 5.
Figure 5 also shows the spectra Ab (E) and Em (E) for
two values of G (5 and 50meV) with Et=1 eV and
Ec=0.8 eV. As obtained with the NEGF model, and
although this detailed balance model does not take into
account the excitation-collection trade-off, we obtain both
Isc and Voc larger with a thinner state. As shown in
Figure 5, Isc and Voc are even more degraded than the DOS
is high in the QW at the band-edge of the contact [L (Ec, G,
Et)]. Indeed, a large L (Ec, G, Et) means that a large
proportion of excited electrons cannot be collected since
their energy is lower that the band-edge of the contact.
This degrades the current. A large L (Ec, G, Et) also means
a large electronic injection from the contact at low-energy
where the emission is very efficient. As already observed in
Figure 3, this reduces the energy of the photon emission
and then degrades the voltage. Such a behavior, as well as,
for example, the reduction of the bandgap by tunneling in
ultra thin cells [17], shows that the electronic transport
modifies the optical properties of nanoscale devices.
Assuming simplified shapes for the functions involved in
equations (1) and (2), to analytically solve the corresponding
Fig. 5. (a) The schematically described detailed balance model and the corresponding Isc and Em spectra for (b) G=5meV and for
(c) G=50meV.
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V oc ≃ 1 T cell
T sun
 
Et  kBT cell
q
log
p
f
 
ð6Þ
 kBT cell
q
log 1þ AGð Þ;
with
A ¼
kBT cell E
2
c þ 2kBT cellEc þ 2 kBT cellð Þ2
 
pE2g Eg  Ec
 2
exp Eg Ec
kBT cell
 
:
ð7Þ
With the parameters assumed to calculate the results
shown in Figure 5, the equation (7) gives A=5274 eV1 to
be compared to 5800 eV1 for the value found by fitting the
numerical data. The two first terms in the expression ofVoc
are the well-known Carnot and Boltzmann factors [18,19]
while the third one is relative to an original broadening
behavior that we call the broadening factor. The origin of
this degradation, as already observed in bulk materials
[20,21], is the mismatch between the absorption and the
emission energies. This factor is generally not considered in
detailed balanced [18] since the absorption is assumed
sharp at the bandgap. In intraband system this broadening
behavior degrades both Isc andVoc when the excited state is
too thick like in the bound-to-continuum configuration.
Phonon emission is expected to favor the band-edge
photon emission and then to degrade Voc. With our NEGF
model we show that such scattering with polar optical
phonon is stronger in the continuum than in the QW
(and is expected to be even weaker in quantum dot).The consequence is that scattering degrades Voc in B–C
(–90mV) while this degradation is not significant in B–B.
This result suggests that scattering with phonon increases
the broadening factor. However, this point deserves further
investigations, which cannot be conducted in the present
work due to huge numerical burden.
3.3 Optimization of the tunnel barrier
The broadening factor may suggest that in the B–B
system better characteristics are expected if we assume a
thick-tunnel barrier between the QW and the contact.
Indeed, due to strong tunnel reflection, life-time increases
and then broadening of the excited state decreases.
Figure 6 shows the evolution of both Isc and Voc versus the
tunnel barrier thickness tB in the B–B system (remember
that in Fig. 2a, tB=2nm). For tB lower than 2 nm, the
reduction of Voc is due to the broadening factor. At the
same time the larger current with the ultra-thin barrier
suggests another behavior like a reduction of the tunnel
reflection improving the excitation-collection trade-off.
This is confirmed for the thick barriers where Isc and then
the collection are strongly degraded by such a reflection.
With a barrier thicker than 3 nm the excitation-collection
trade-off is strongly degraded. In the same time, Voc no
more increases for barrier thicker than 2 nm since the
excited state is thin enough (5meV) to cancel the
broadening factor. For an optimal tunnel barrier both
broadening factor and excitation-collection trade-off
should be considered. With the parameters considered
in this work the trade-off is optimal for a 2 nm-thick tunnel
barrier. In case of a barrier made of an other material with
an effective mass m* (in free electron mass) and a
rectangular tunnel barrier offset D (in eV), this tunneling
coupling and then the corresponding excitation-collection
trade-off should be conserved if the thickness of the barrier
(in nm) is given by tb ¼ 0:43ffiffiffiffiffiffiffiffiffiffiffiffi
m  Dp .
Fig. 6. Isc/max (Isc) and Voc/max (Voc) versus the thickness of
the tunnel barrier tB. Assuming a thick barrier excited states are
very thin and energy mesh has to be also very thin. From a
computational point of view we cannot conduct the calculation
for tunnel thicker than 3 nm assuming the transverse dispersion.
This calculation has then been conducted only for a transverse
wave vector equals to zero.
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We have shown that a broadening factor degrades the
voltage in intraband system by improving the photon
emission. To avoid this degradation a bound-to-bound
system in which the electrons are collected by tunneling is
well adapted. Moreover, such a thin tunnel barrier
improves the excitation-collection trade-off due to a higher
wave-function overlap. On the other hand, a too thick
tunnel barrier degrades this excitation-collection trade-off
due to strong tunnel reflection. It is then necessary to
choose a tunnel barrier thick enough to cancel the
broadening factor and to improve the wave function
overlap, but thin enough to preserve the excitation-
collection trade-off. We finally propose an equation, which
allows calculating the thickness of the optimal barrier
versus the effective mass and the tunnel barrier offset.
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